Site-directed mutagenesis is widely used for the determination of the structural and functional relationships of proteins. The generation of single cysteine substitution mutants is especially powerful because sulfhydryl groups can be selectively derivatized with a variety of reagents. We wish to investigate the surface accessibility of residues in the bacterial S-layer protein SbsB, which forms a two-dimensional protein crystal covering the cell wall of Bacillus stearothermophilus (13) . Therefore, we decided to subject the 100-kDa protein corresponding to a 3.0-kb gene (9) to cysteine scanning mutagenesis in combination with targeted chemical modification. This required a rapid, simple, reliable and efficient mutagenesis method for generating hundreds of mutants.
We tested several methods, including overlap extension (2) and inverse polymerase chain reaction (PCR) (4) . The former was too labor-intensive, whereas the latter did not yield the mutagenesis efficiency required for highthroughput (>90%). Only a simple recombination PCR method (6, 8) proved suitable ( Figure 1) .
Initially, we used a published protocol (5,6) and encountered two major difficulties: (i)zero or very low PCR yields for several mutagenic primers, resulting in a low overall mutagenesis efficiency of approximately 55% (given by the number of mutants obtained per mutational reaction set up) and (ii)a high number of PCR errors as shown by DNA sequencing or greatly reduced in vivo expression levels of the mutated protein.
Here, we report an improved recombination PCR-based protocol suitable for cysteine scanning mutagenesis (Figure 1 ). Important features are (i) high mutagenesis efficiencies (90%) for mutations at up to 6 positions and (ii) fewer PCR mistakes in the mutants. Futhermore, the improved mutagenesis protocol is adaptable for 96-well technology. We also added a simple restriction digestion-based screen that eliminated sequencing for identifying clones containing the desired mutation.
Throughout this study, the bacterial expression plasmid pT7 sbsB His (6.4 kb) was used (Y. Wang and H. Bayley, unpublished data). This pT7-derived plasmid harbors the 3.0-kb sbsBgene (9) tagged with a C-terminal hexahistidine sequence. Wild-type (WT) sbsB does not contain a cysteine codon. An Nsi I site in the WT sequence of sbsB , which would have interfered with the screening procedure, was eliminated by site-directed mutagenesis. Improved mutagenic primers with an overlap of 12 bp began with three gene-specific nucleotides followed by the Nsi I site (ATGCAT) ( Figure 2B ). Conventional primers, giving rise to an overlap of 24-34 bp, were fully complementary and contained the Nsi I site preceded by 9-14 gene-specific nucleotides (nt) (Figure 2A ). For all mutagenic primers, the melting temperature (T m ) lay between 65°and 69°C. T m values were calculated with an algorithm based on thermodynamic data (www.idtdna.com/ html/analysis/calc.html). The overall length of the conventional and improved mutagenic primers ranged between 24 and 34 nt. The pair of nonmutagenic primers was fully complementary (primer 1: 5 ′ -ATAAAGTT -GCAGGACCACTTCTG-3 ′ ; primer 2: 5 ′ -CAGAAGTGGTCCTGCAACTTT -AT-3 ′ ), had a calculated T m of 63°C and annealed 0.2 kb upstream from the stop codon of the ampicillin-resistance gene on the plasmid pT7 sbsB His.
For PCR purposes, plasmid DNA was isolated using the QIAGEN ® Plasmid Midi Kit (Qiagen, Chatsworth, CA, USA) and linearized in separate digests with Nde I and Kpn I (New England Biolabs, Beverly, MA, USA), which cut at the start codon and 180 bp downstream from the stop codon of the sbsBgene, respectively (data not shown). PCR was carried out in a 50-µ L mixture using 1. To incorporate an Nsi I site, the mutagenic stretch of 6 nt would normally be located in the middle of the primer flanked by 9-14 nt of nonmutagenic gene-specific sequences. Shown is a primer with a total length of 24 nt with flanking sequences of 9 nt (A-1). Consequently, during PCR, a 3 ′ stretch of 9 nonmutagenic nt can anneal without disruption to the template. During in vivo recombination (A-2), the mutated termini generate an overlap of 24 bp (or more for longer primers; not shown). (B) In the improved protocol, mutagenic primers carry the Nsi I site at the 5 ′ end, preceded only by 3 gene-specific, nonmutagenic nt. Shown is a primer with a total length of 24 nt (B-1). Consequently, during PCR, a 3 ′ stretch of 16 nonmutagenic nt can anneal without disruption to the template. For primers longer than 24 nt (not shown), a 3 ′ stretch longer than 16 nt can anneal to the template. During in vivo recombination (B-2), the mutated termini of the two PCR fragments form an overlap of 12 bp, independent of the actual primer length. By using our improved protocol for recombination PCR, we generated 46 single cysteine mutants of the bacterial sbsBgene in the bacterial expression vector pT7-His6. Thirty-three of them intentionally contained a second amino acid substitution in addition to the cysteine, four contained a third and the rest were single cysteine mutations. The change of a second (or third) amino acid was required to introduce the Nsi I site, which was used to screen for positive clones (see below). However, given the mutagensis efficiency of our new protocol, this step could be eliminated. In our studies, we found that the mutagenesis efficiency and also the fidelilty, strongly depend on the mutagenic primers. In standard protocols (5,6), an overlap of 24 or more bp between the mutated ends of the two PCR fragments is used. This means that the mutagenic stretch (in this case 3-6 nt) would normally be located towards the middle of the mutagenic primers (Figure 2A shows such a mutagenic primer 24-nt long). According to our findings, this primer design often resulted in zero or insufficient PCR yields (Table 1 ). In our improved protocol, the overlap was shortened to 12 bp, which in turn meant that the mutagenic part of the mutagenic primer could be moved further towards the 5 ′ end of the primer ( Figure  2B ). With these improved primers, more PCRs were successful resulting in a 35% increase of the overall mutational efficiency to 89% ( Table 1 ). The better performance of the "+3" compared with conventional primers might be explained in terms of better annealing thermodynamics for the improved, +3 primer design. For these primers a longer stretch can continuously anneal to the template ( Figure 2B-1) . In addition to improved primer annealing, the DNA polymerase might have lower binding affinities for mismatched double-stranded DNA (11) . These mismatch stretches would have a bigger influence on the polymerase activity when located near the 3 ′ end, thus favoring +3 primers. The results are based on PCRs using primers with +3 design. The mistakes detected by sequencing were missense mutations and were not located within the mutagenized region. The mistakes responsible for the impaired in vivo expression might lie in the region regulating translation or transcription of sbsB . Plasmid copy numbers of these three mutants were normal, making mutations in the origin of replication less likely. In addition, no intense bands of faster migrating protein stemming from possible nonsense mutations could be detected. 35/38 = 92% 87/90 = 97% 89% a The PCR success rate is given by the number of pairs of PCRs that worked divided by the number of total pairs of PCRs. For these calculations, it did not matter whether both or just one PCR of one pair failed. b The recombination accuracy is calculated in the following way: number of plasmids linearized with Nsi I divided by the number of plasmids treated with Nsi I. This value should be corrected for the background transformation stemming from plasmid DNA used as a template for PCR amplification. This background transformation level is given by the sum of the number of colonies after separate transformations of two PCR-amplified plasmid halves (Figure 1 ) divided by the colony number for the mixture of the two complementary PCR-amplified plasmid halves. The value was approximately 0.7%. Because this value is very low, the recombination accuracies were not corrected for the background transformation level. c Conventional primer design means that the position of the Nsi I site was centered in the middle of the primer (Figure 2A ). Depending on the primer length, the Nsi I site was therefore located 9-14 nt downstream of the 5 ′ end of primer, resulting in an overlap of 24-34 bp between the homologous ends of the PCR fragments. d The PCR success rate for the same mutations by the +3 method was 88%.
e The +3 primer design refers to primers with only 3 additional nucleotides 5 ′ of the Nsi I site, resulting in an overlap of 12 bp for all primers independent of their actual length ( Figure 2B ). The results are based on PCRs with 20 cycles for the conventional primers and 10 cycles for the +3 primers. 
Benchmark s
In standard protocols (5,6), 16-22 PCR cycles are used to generate the DNA fragments. This high number of PCR cycles often leads to undesired PCR errors (References 6-8 and Table  2 ). In our new protocol, high fidelity was achieved by reducing the number of PCR cycles to 10 ( Table 2) . This was made possible by the improved primer design that resulted in higher PCR yields. Additionally, high primer concentrations and very low annealing temperatures in combination with the use of a PCR kit designed for the amplification of long templates further reduced the required number of PCR cycles. The Expand PCR kit used contains a blend of Taqand PwoDNA polymerases that has a proofreading activity. This too might have contributed to the observed high fidelity of PCR amplification.
Usually sequencing is used to screen for positive clones harboring the desired point mutation. As an economical and faster alternative, we introduced a restriction enzyme recognition site that encompasses the point mutation, in our case, a cysteine codon. Thus, by simply digesting the resulting plasmids, the success of the mutagenesis can be monitored. The advantages of this approach are obvious: (i) there is no costly need to sequence inserts to screen for positive clones, and (ii) the restriction site can be used to generate terminal or internal deletion mutants or can serve to insert foreign sequences (e.g., epitopes). Here, these advantages outweigh the disadvantage of the approach, i.e., often there is a need to change a second (and in rare cases a third) amino acid to introduce the restriction site. In this study, the Nsi I site used (ATGCAT) imposes that the second amino acid following the cysteine (TGC) be either isoleucine and methionine. If necessary, the replacement of an additional amino acid can be circumvented by introducing the restriction site in the "nonmutagenic" primers instead of the mutagenic primers. Alternatively, the introduction of the restriction site for screening purposes can be eliminated given the high mutagenesis efficiency of our improved protocol.
Thus, we report an improved protocol for recombination PCR-based, cysteine-scanning mutagenesis, featuring high mutational efficiency and high fidelity based on the improved design of the mutagenic primers. This improved primer design can be applied to multiple-point-mutation approaches with an in vivo recombination of more than two PCR fragments (1) or other kinds of mutations such as deletions or insertions. It will also serve for ligation-free cloning (6) . The improved protocol cuts costs for generating mutations. The dramatic increase in the PCR success rate means that only 8% of the primers ordered had to be discarded. Furthermore, by using the restrictionbased screen, sequencing to identify positive clones could be cancelled. Despite the high fidelity observed, it is prudent to use two independent isolates for each mutant for subsequent biochemical characterization.
